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Both low Caz+- and high CaZ+-reqmrmg forms of Ca *+-activated protease (calpams I and II) were found 
to bmd to phenyl-Sepharose m a cahum-dependent manner, suggestmg that both enzymes expose a hydro- 
phobic surface region m the presence of Ca 2+ Inclusion of leupeptm m column buffers prevented the loss 
of actlvlty during hydrophobic-mteractlon and substrate-aflimty chromatography Under these condltlons 
calpam II (high calcmm-requmng form) was rapidly purified from bovine bram and rabbit skeletal muscle 
usmg successive phenyl-Sepharose and casem-Sepharose columns 
Calpain Caz+-actwatedprotease Hydrophobic-mteractlon chromatography Leupeptin Phenyl-Sepharose 
1. INTRODUCTION 
Calpam (cabum-activated neutral thlol pro- 
tease, EC 3.4.22.17) has been shown to be 
ubiqmtous in mammalian and avian tissues [l-5]. 
The protease functions m response to a transient 
rise m intracellular Ca’+, activating key enzymes, 
including protein kmase C and phosphorylase 
kmase [6,7], regulating the affinity of receptors for 
hgands [8,9] and enhancmg turnover of 
myofrbrillar and cytoskeletal proteins [ 10,111. 
There are at least 2 forms of the protease present 
m tissues, calpain I and calpam II, whrch need 
micromolar or milhmolar concentrations of Ca*+, 
respectively, for their optimal activity [4,12- 141. 
Both enzymes have been purified from a number 
of tissues. Some mvestigators report the calpams 
of muscle to be composed of heterodimers, con- 
taining one larger, catalytic subunit (80 kDa) and 
one smaller subunit (30 kDa) the functton of which 
1s uncertain [2,15-171. Others, however, fmd only 
a monomer of approx. 80 kDa [13,14,18]. 
The Interaction of calpam with casem, as a 
substrate, and with the natural mhrbrtory peptide 
calpastatm 1s Ca’+-dependent [ 12,14,19]. How- 
ever, little is known about the effect of calcmm on 
the structure of the calpains Ca2+ bmdmg to 
protems such as calmoduhn, troponm-C, and 
S-100 protein induces a conformational change 
that leads to the exposure of a surface hydrophobtc 
region which is involved in subsequent mteractions 
with target protems [20-241. Here we show that 
Ca2+ stmilarly induces hydrophobic surface 
regions on both calpams I and II, and use this 
property to purify calpain II from brain and mus- 
cle using Ca2+-dependent phenyl-Sepharose hydro- 
phobic-interaction chromatography. 
2. MATERIALS AND METHODS 
Phenyl-Sepharose CL4B (40 pmol hgand/ml 
gel) was obtained from Pharmacia (Piscataway, 
NJ). Alpha-casem, leupeptin and iodoacetic actd 
were obtained from Sigma (St. Louis, MO). 
Casem-Sepharose containing 4 mg hgand/ml gel 
was prepared by couplmg protein to cyanogen 
bromide-activated Sepharose as described by 
March et al. [25]. 
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2.1. ~ri~Icut~o~ procedure 
All steps were performed at 4°C. Calf brain or 
rabbit skeletal muscle (500 g) was homogenized in 
4 vols of 50 mM Tris-HCI, pH 7.5, 1 mM EDTA, 
25 mM 2-mercaptoethanol and centrifuged at 
13000 x g for 30 min. The supernat~t was ad- 
Justed to 60% saturation with ammonium sulfate 
and the precrpitatmg material recovered by cen- 
trifugation at 13 000 x g for 30 mm. The pellet was 
dissolved m 300 ml buffer A (20 mM Tris-HCl, 
pH 7 5, 1 mM EDTA, 25 mM 2-mercaptoethanol) 
and dralyzed agamst the same buffer overrnght. 
The dralyzed protein was applied to a column of 
DEAE-cellulose (2.2 x 20 cm) equihbrated in buf- 
fer A. After washing the column with 5 bed vols of 
the same buffer, calpam I and the inhibitory pep- 
tide calpastatm were eluted with 2 bed vols buffer 
A containing 0.1 M NaCl. Calpain II was then 
eluted with 2 bed vols buffer A containing 0.25 M 
NaCl. This stepwise elutron regimen conveniently 
separated the 2 forms of calpam. The calpain II- 
contaming fraction was applied directly to a col- 
umn of phenyl-Sepharose (1.5 x 8 cm) m the 
absence of Ca*’ (in buffer A), and washed through 
with 20 ml buffer A. The unbound materral from 
this column, contammg calpain II, was adjusted to 
3 mM CaC12, 20 PM leupeptin, and mixed with 
20 ml of suction dried phenyl-Sepharose which 
was previously equrhbrated in buffer B (20 mM 
Trrs-HCI, pH 7.5, 1 mM CaClt, 25 mM 
2-mercaptoethanol, 20 FM leupeptm). The gel 
suspension was mixed for 30 mm m an end-to-end 
rotator and then packed into a 2 cm diameter col- 
umn. Unbound protein was washed from the col- 
umn with 100 ml buffer B. Leupeptin was removed 
by an additional wash wrth 2 bed vols buffer B 
containing no leupeptin. The bound enzyme was 
then eluted with buffer B containing 5 mM EGTA 
in the place of CaClz and no leupeptin. 
The enzyme eluted from phenyl-Sepharose was 
adjusted to 8 mM CaClz and 20 FM leupeptin and 
applied to a column of casem-Sepharose (1 x 
2.5 cm) equilibrated with buffer B. The column 
was washed with 3 bed vols buffer B and then with 
2 bed vols of buffer without leupeptin Bound en- 
zyme was eluted with buffer B contammg 5 mM 
EGTA m place of CaClz and no Ieupeptm. 
2.2. Enzyme assay 
Enzyme activity was determined by a modifica- 
tion of the method of Yoshimura et al. 1171, usmg 
casein as a substrate: The reaction mixture, m a 
final volume of 1 ml, contamed 4 mg casem m 
20 mM imidazole-HCl, pH 7.5, 5mM 
2-mercaptoethanol, 1mM CaCl2. After incubation 
at 25°C for 30 mm, the reactron was terminated by 
addition of 1 ml cold 5% trrchloroacetrc acid. 
Precipitating material was removed by centrifug- 
mg at 4000 x g for 5 min and soluble digestion 
products were measured colorimetrrcally, after 
blocking sulfhydryl compounds, using the Lowry 
assay [26]. One unit of actrvity was defined as the 
amount of enzyme requned to grve an increase of 
one absorption unit at 720 nm under these 
conditions. 
2.3. Other procedures 
Subumt composition and protem homogeneity 
were monitored by electrophoresing samples on 
12% SDS-polyacrylamrde slabs using the method 
of Laemmh [27]. Gels were stamed with 
Coomassre brilliant blue. Protein concentrations 
were determined erther by measuring absorbance 
at 280 nm or by using the Bradford method [ZS]. 
3. RESULTS 
Initial studies were carried out using the calpain 
II-rich fraction obtained from DEAE-cellulose 
chromatography of calf bram (see sectron 2). In 
preliminary studies we found that when this en- 
zyme (30 units) was apphed to a column of phenyl- 
Sepharose (0.8 x 2 cm) in the presence of 1 mM 
CaClt, most of the applied activity was bound, and 
could subsequently be eluted with EGTA. 
However, recoveries of enzyme activity were low 
(12%). It has been shown that m the presence of 
Ca2+ calpain is inactivated by autolysls [ 161. This 
degradation appears to be more rapid when the en- 
zyme is bound to phenyl-Sepharose, smce the en- 
zyme retams about 60% of initial activity when ex- 
posed to Ca2+ at 4’C for a similar period m the 
absence of phenyl-Sepharose (not shown). To 
mnnmlze autolysis 20pM leupeptm was subse- 
quently mcluded in the phenyl-Sepharose column 
buffer. This increased recoveries to about 55?70 of 
applied activity. Recoverres as hrgh as 78% could 
be achieved by using a batch method m whrch 
phenyl-Sepharose (1 ml) was added to the enzyme 
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preparation and mrxed for 10 min, followed by 
packing mto a column, washing and eluting. 
In these preliminary studies we found leupeptin 
could be removed from column-bound enzyme, 
with little apparent loss of enzymic activity, by a 
rapid wash with buffer containing no mhlbltor rm- 
medrately before elutron by EGTA. 
No detectable amounts of enzyme were bound to 
phenyl-Sepharose at calcium concentrattons below 
100,~M, and optimal binding was found at 1 mM 
Ca2+ (not shown). The concentration of Ca2+ re- 
quired for the enzyme to bmd to phenylSepharose 
therefore shows a correlation with the concentra- 
tion required for enzymrc activity. 
Enzyme bound to phenyl-Sepharose m the 
presence of Ca2+ was not eluted by buffer contain- 
mg 1 M NaCl but could be eluted by 50% ethylene 
glycol, suggesting that the intera~tlon of the en- 
zyme with the column IS medrated prmapally by 
hydrophobic forces. 
The procedure ultimately adopted for enzyme 
puriftcatron, as described in section 2, involved 
calcmm-dependent chromatography on phenyl- 
Sepharose, followed by affimty chromatography 
on casem-Sepharose. 
The majority of protem applied to the phenyl- 
Sepharose column m the presence of calcium was 
unbound and, followmg dialysis to remove leupep- 
tin, was found to contam no calpain activity 
(fig. 1). The Cat+-dependent phenyl-Sepharose 
chromatography resulted m a 64-fold punfrcatron 
of the enzyme over that from the DEAE-cellulose 
column (table 1). Subsequent chromatography on 
casem-Sepharose m the presence of leupeptm 
resulted m a further 7.5-fold purification with 
greater than 90% recovery, yteldmg apparently 
homogeneous enzyme, as determined by SDS gel 
electrophoresrs (fig.2) In the absence of leupeptm 
the yield from the casem-Sepharose was decreased 
to about 50% 
The apparently htgher recovery of activity from 
the casein-Sepharose column than that uuttalty ap- 
phed was observed reproductbly, and may Indicate 
the presence of some non-dialysable tnhibttory 
component m the phenyl-Sepharose eluate which is 
removed by the casem-Sepharose step. 
The procedure used for preparatron of the calf 
bram enzyme was also found to be sunable for 
purification of calpam II from rabbit skeletal mus- 
cle Yields as high as 4.4 and 7.6 mg of calpam II 
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Ftg 1 Calcmm-dependent phenyl-Sepharose chromatog- 
raphy of calpam II. Enzyme eluted from DEAE-cel- 
lulose by 0 25 M NaCl was applied to phenyl-Sepharose. 
After washing to remove unbound material and leupep- 
tm the bound enzyme was eluted wtth EGTA, as de- 
scrtbed m section 2. 10 ml fractions were collected to 
tube 20 and 2 5 ml fractrons for the remainder Samples 
(20 ~1) were assayed for calpam actlvlty at 1 mM CaCI2 
Ahquots (100 111) were assayed for protein by the method 
of Bradford [28]. 
were obtained per kg of calf bram and rabbit 
skeletal muscle, respectively. Calpam II purrfred 
from calf brain, showed mamly an 80 kDa band 
and a faintly stamed 18 kDa band on SDS- 
polyacrylamlde gel electrophoresls (lane 2, fig.2). 
Table 1 
Purlfxatlon of calpam from calf bram 
Total Enzyme Specific 
protein activity activity 
(mg) @ruts) (unlts/mg 
protem) 
DEAE-cellulose 
chromatography 
(peak II, 0.25 M 
NaCl) 290 1045 36 
Calcium-dependent 
phenyl-Sepharose 
chromatography 3.5 810 231 4 
Casem-Sepharose 
chromatography 0 55 949 1725 
Enzyme was purlfled from 125 g calf brain. Enzyme 
activity units are defined m sectIon 2. Protein was 
determined by the method of Bradford [28] usmg a 
bovine y-globulin standard 
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Fig 2. SDS-polyacrylamlde gel electrophoresls of calpam 
II purlfled from calf bram and rabbit skeletal muscle 
Protein (lo-30&g) was electrophoresecl on 12% 
poiyacry~amlde gels using the buffer system of Laemmh 
[27], and stamed with Coomassle brllhant blue R-250 
Lanes 1 and 2. protein isolated from calf brain by 
phenyl-Sepharose and subsequent casem-Sepharose 
chromatography, respectively Lanes 3 and 4. protein 
isolated from rabbit skeletal muscle by phenyl- 
Sepharose and subsequent casem-Sepharose chromatog- 
raphy, respectwely. 
Enzyme from skeletal muscle showed both 80 and 
30 kDa subunits (lane 4, fig.2). 
The calpam I fraction from DEAE-cellulose 
chromatography (see section 2) contains the m- 
hlbitor calpastatin. No calpain I activity was found 
to bind to phenyl-Sepharose in a calcmm- 
dependent manner when this fraction was applied 
directly to the column. However, after the 
calpastatm was removed by calcmm-independent 
phenyl-Sepharose chromatography [29] calpam I 
activity was then found to bmd to phenyl- 
Sepharose m a calcmm-dependent manner. While 
calpam I was not purlfled to homogeneity using 
the procedure described for calpain II, calcium- 
dependent phenyl-Sepharose chromatography may 
in future prove to be a convenient step to use in 
conjunction with other conventional purification 
procedures. 
4. DISCUSSION 
The presence of Ca’+-independent, weakly 
hydrophobic regions on calpams, and the bmdmg 
of these proteases to phenyl-Sepharose m the 
presence of EGTA and high salt concentrations 
has been reported m [ 16,291. Here we show that, in 
common with a number of mtracellular calcium- 
binding proteins such as calmodulin, tropomn C 
and S-100 protein, calpains expose strongly 
hydrophobic surface regions in the presence of 
Ca2+. This enables the proteases to bind to phenyl- 
Sepharose at low salt concentrations in a calcmm- 
dependent manner. Structural slmilarltles between 
calpain II and the other intracellular calcium- 
bmdmg proteins have recently been reported by 
Ohno et al. f31]. Members of the superfamily of 
calcium-binding protems contam similar calcium- 
bindmg domams identifiable as homologous 
regions of primary sequence [30]. Ohno et al. [31] 
have shown that the primary sequence of chicken 
skeletal muscle calpain II, deduced from 
nucleotlde sequencing, contams such homologous 
sequences. The calcium-dependent hydrophobic 
surface regions on calpams may be involved m 
their binding to substrates. If this 1s true, then the 
proteases may have a substrate specificity for pro- 
teins which IS determined m part by the accessiblh- 
ty of complementary hydrophobic regions. 
It has been shown that recoveries of calpam 
from casem-Sepharose are low because of 
Ca2+-induced, autolytlc inactivation of the enzyme 
[ 141. Here we show that the addition of leupeptin 
significantly improves the recoveries of enzyme 
from both phenyl- and casein-Sepharose. The 
presence of leupeptin in the buffers did not affect 
the binding of enzyme to either column, suggesting 
that leupeptm does not bmd competitively to the 
substrate bindmg site but may act allosterlcally to 
inhibit the enzyme. 
The subumt cornposItion of calpam has been the 
subject of some controversy. It IS unclear whether 
the reported 30 kDa component 1s a contammant 
which copurlfles with the enzyme or a regulatory 
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subunit [ 13,14,18]. Tissue-dependent varration in 
subunit compostnon has also been reported [ 1,141. 
The enzyme from skeletal muscle reportedly con- 
tams 80 kDa and 30 kDa subunits, while the en- 
zyme from calf brain 1s composed principally of an 
80 kDa polypepttde [141. However, different tsola- 
tion procedures were used in these studies. Here we 
confirm this tissue-dependent variation m subunit 
composition using a conststent purification pro- 
cedure, involving the novel rsolatron step of 
Ca’+-dependent hydrophobrc chromatography. 
From this, it seems likely that the 30 kDa (or 
18 kDa) polypeptrde associated with the purified 
enzyme is not a copurifymg contaminant protem, 
but rather it is either a subunit of the enzyme or 
another protein with high affinity for the enzyme 
which may regulate the activity and/or stability of 
the enzyme 
REFERENCES 
[l] Murachl, T., Tanaka, K , Hatanaka, M and 
Murakaml, T (1981) Adv Enzyme Reg 19, 
407-424 
[2] Dayton, W.R , Revdle, W J , Gall, D E and 
Stromer, M H (1976) Blochemlstry 15, 2159-2167 
[3] Ishrura, S , Murofushl, H , Suzuki, K and 
Imahor, K (1978) J Blochem (Tokyo) 84, 
225-230 
[4] Mellgrem, R L. (1980) FEBS Lett 109, 129-133 
[5] Zimmerman, V P and Schlaeffer, P W W (1982) 
Blochemlstry 21, 3977-3983 
[6] Inoue, M , Klshlmoto, A., Takal, Y and 
Nlshlzuka, Y (1977) J Blol Chem 252, 
7610-7616 
[7] Huston, R B. and Krebs, E G (1968) Blochemlstry 
7, 2116-2122 
[8] Puca, G A , Nola, E , Slca, V and Breslam, F. 
(1977) J Blol Chem 252, 1358-1366 
(91 Vedeckls, W.V , Freeman, M.R , Schrader, W T 
and O’Malley, B W. (1980) Biochemistry 19, 
335-343 
[lo] Dayton, W R , Schollmeyer, J V , Lepley, R A 
and Covtes, L.S. (1981) Blochim Blophys Acta 
659. 48-61 
1111 
[Ql 
1131 
1141 
[I51 
I161 
(171 
I181 
u91 
WI 
WI 
WI 
1231 
[241 
~51 
WI 
1271 
WI 
1291 
[301 
[311 
Burgoyne, R D. and Cummmg, R (1982) FEBS 
Lett 146, 273-277 
Croall, D E. and DeMartmo, G E (1983) J Blol 
Chem 258, 5660-5665 
Klshlmoto, A , Kajikawa, N , Shlota, M and 
Nlshlzuka, Y (1983) J Blol. Chem 258, 
1156-1164 
Mahk, M.N , Fenko, M D , Igbal, M. and 
Wumewskl, H M. (1983) J Blol Chem. 258, 
8955-8962 
Hathaway, D R., Werth, D E K and Haeberle, 
J R. (1982) J Blol Chem 257, 9072-9077 
Mellegren, R L., Repettl, A , Muck, T C and 
Easly, J (1982) J Blol Chem 257, 7203-7209. 
Yoshlmura, N., Hlkuchl, T., Sasakl, T , Kltahara, 
A., Hatanuka, M and Murachl, T. (1983) J Blol 
Chem. 258, 8883-8889. 
Azanza, J.L , Raymond, J , Robin, H M., Cottm, 
P. and Ducastmg, A (1979) Blochem J 183, 
339-347 
Shlgeta, K , Yumoo, N and Murachl, T (1980) 
Blochem Int 9, 327-333 
Tanaka, T and Hldaka, H (1980) J Blol Chem 
255, 11078-l 1080 
LaPorte, D.E , Wlerman, B M and Storm, D R 
(1980) Blochemlstry 19, 3814-3819 
Gopalaknshna, R and Anderson, W B (1982) 
Blochem Blophys Res Commun 104, 830-836 
Gopalaknshna, R and Anderson, W B. (1983) J 
Blol Chem 258, 2405-2409 
Anderson, W B and Gopalaknshna, R (1985) 
Curr Top Cell Reg , m press. 
March, S C., Pankh, I and Cuatrecasas, P (1974) 
Anal Blochem. 60, 149-152 
Ross, E and SchJatz, G (1973) Anal Blochem 54, 
304-306 
Laemmh, U K. (1970) Nature 277, 680-685. 
Bradford, M M (1976) Anal. Blochem 72, 
248-256 
Inomata, M , Hayashl, M , Nakamura, M , 
Imahon, K. and Kawashlma, S (1983) J Biochem. 
(Tokyo) 93, 291-294 
Kretsmger, R H (1980) CRC Crlt Rev Blochem. 
8, 119-174 
Ohno, S , Emon, Y , ImaJoh, S., Kawasaki, H., 
Klsaragl, M and Suzuki, K. (1984) Nature 312, 
566-570 
250 
